Introduction Lipidomics can reveal global alterations in a broad class of molecules whose functions are innately linked to physiology. Monitoring changes in the phospholipid composition of biological membranes in response to stressors can aid the development of targeted therapies. However, exact quantitation of cardiolipins is not a straightforward task due to low ionization efficiencies and poor chromatographic separation of these compounds. Objective The aim of this study was to develop a quantitative method for the detection of cardiolipins and other phospholipids using both a targeted and untargeted analyses with a Q-Exactive. Methods HILIC chromatography and high-resolution mass spectrometry with parallel reaction monitoring was used to measure changes in lipid concentration. Internal standards and fragmentation techniques allowed for the reliable quantitation of lipid species including: lysyl-phosphatidylglycerol, phosphatidylglycerol, and cardiolipin. Results The untargeted analysis was capable to detecting 6 different phospholipid classes as well as free fatty acids. The targeted analysis quantified up to 23 cardiolipins, 10 phosphatidylglycerols and 10 lysyl-phosphatidylglycerols with detection limits as low as 50 nM. Biological validation with Enterococcus faecalis demonstrates sensitivity in monitoring the incorporation of exogenously supplied free fats into membrane phospholipids. When supplemented with oleic acid, the amount of free oleic acid in the membrane was 100 times greater and the concentration of polyunsaturated cardiolipin increased to over 3.5 µM compared to controls. Conclusions This lipidomics method is capable of targeted quantitation for challenging biologically relevant cardiolipins as well as broad, untargeted lipid profiling.
Introduction
Lipids play an essential role for multiple cellular functions including energy acquisition, maintenance of cellular physiology, cellular mobility, and cellular transport (Dowhan 1997) . Biological membranes contain several types of phospholipids, and the phospholipid composition can vary drastically depending on genetics or environmental factors (Cronan 2003) . Membrane phospholipids consist of polar head groups and multiple non-polar tails which form an amphipathic lipid bilayer, creating a barrier between internal cellular components and the extracellular environment. The head groups of membrane phospholipids are highly variable and tend to combine with tails of varying length and degrees of unsaturation, creating a large number of possible combinations. Although the numbers of possible lipids are vast, bacteria have limited their membranes to use only three or four different head groups (Oliver et al. 2014) . Bacterial membranes are primarily composed of various combinations of cardiolipin (CL), phosphatidylglycerol (PG), phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidic acid (PA), or phosphatidylserine (PS). Depending on the bacterium, lipids with lyso or amino acid modifications may also be present (Sohlenkamp and Geiger 2016) . Membrane fluidity can be altered by adjusting the fatty acid tails (adding degrees of unsaturation) or changing ratios of lipid classes, providing a quick way to respond to external stressors (Beney and Gervais 2001) . The ability to alter membrane composition has been used to preserve viability when bacteria are challenged by antibiotics (Saito et al. 2014) or extreme temperatures (Fozo and Rucks 2016) .
To date, most research has focused on glycerol phospholipids, which have two positions containing fatty acids varying in lengths from 14 to 18 carbons with the possibility of zero, one, or two degrees of unsaturation. The low number of biologically relevant tails, combined with their high abundance in biological samples, allows this set of lipids to be easily measured (Oliver et al. 2014) . Over 90% of laboratory cultured bacteria consist mainly of two-tailed lipids such as PG or PE (Renner and Weibel 2011) . Cardiolipins (CL) are essentially two PG molecules connected by a shared glycerol molecule resulting in a four tailed lipid (Romantsov et al. 2009 ). These four-tailed lipids are not as abundant in biological specimens as two-tailed lipids (Dowhan 1997; Renner and Weibel 2011) . Doubling the number of tails doubles the number of possible biologically relevant combinations. Thus, combining their low abundance in biological membranes with the high number of possible CL tail combinations leads to difficulty in measurement.
Current lipidomics analysis includes various mass spectrometric techniques such as direct injection of extracted lipid sample, separation of lipid sample components based on chromatography followed by tandem mass-spectrometry, and analysis of lipids and imaging of tissues utilizing MALDI (Beate and Jürgen 2009; Watson 2006) . Although there are many mass spectrometry experiments that allow the detection of common phospholipids (Schwalbe-Herrmann et al. 2010) there are only a handful of methods that explicitly measure cardiolipins (Bird et al. 2011; Hines et al. 2017; Minkler and Hoppel 2010; Rashid et al. 2017 ). An even smaller number of methods quantify cardiolipin (Scherer et al. 2010; Valianpour et al. 2002) .
There is often a compromise between coverage and the ability to measure specific compounds in UPLC-HRMS analyses due to limitations of the mass analyzer. However, this method demonstrates the practicality of using a single extraction method for both targeted and untargeted lipid analysis. The untargeted analysis uses an Orbitrap mass spectrometer operating in full scan mode to provide relative quantitation of the six most common phospholipid head groups, the lysyl derivatives, and free fatty acids that make up the tails of bacterial phospholipids. Accounting for all possible combinations between head group and fatty acid tails, this method has the potential to measure hundreds of identifiable lipids along with the opportunity to search the unidentified spectral features for molecules with an unknown structure. The targeted approach uses a hybrid quadrupole Orbitrap mass spectrometer, allowing for the quantification of specific cardiolipin, phosphatidylglycerol, and lysyl-phosphatidylglycerol compounds within a sample. The method was validated by analyzing relative lipidome changes as well as measuring exact quantities of three lipid classes in Enterococcus faecalis samples supplemented with two unsaturated exogenous fatty acids.
Experimental section
Protocols for lipid extraction, liquid chromatography-mass spectrometry analysis, and data processing are included in the supplementary material.
Untargeted standards
Phospholipid standards were used to verify retention time and head group ionization potential. The standards assessed were as follows: phosphatidylinositol with two 16:0 tails (PI 32:0), phosphatidic acid with one 18:0 and one 18:1 tail (PA 36:1), phosphatidylglycerol with two 18:0 tails (PG 36:0), phosphatidylcholine with two 18:0 tails (PC 36:0), phosphatidylserine with one 16:0 tail and one 18:2 tail (PS 34:2), phosphatidylethanolamine with two 16:0 tails (PE 32:0), and lysyl-phosphatidylglycerol with two 18:1 tails (LPG 36:2). All standards were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL) and one representative compound was chosen from each head group class. The fatty acid standards: cis-9-octadecanoic acid (oleic acid), cis 9,12 octadecadienoic acid (linoleic acid), octadecanoic acid (stearic acid), and hexadecenoic acid (palmitic acid) were purchased from Sigma Aldrich.
Targeted standards
Representative standards from three head group classes; cardiolipin (CL), phosphatidylglycerol (PL), and lysyl-phosphatidylglycerol (LPG) were purchased from Avanti Polar Lipids Inc. (Alabaster, AL) Even though this method was targeted, exact matched compounds were not available for all species of interest, therefore one compound from each of the three classes was used to make external calibration curves. Cardiolipin (CL 72:4) with four 18:1 tails, phosphatidylglycerol (PG 36:0) with two 18:0 tails, and lysylphosphatidylglycerol (LPG 36:2) with two 18:1 tails were chosen as external standards. Since HILIC chromatography was used, it was hypothesized that there would be minimal retention time variation between molecules within the same head group regardless of tail configurations. Internal standards were chosen based on lipids that were not present or had very limited presence in the biological samples. Cardiolipin with four 14:0 tails (CL 56:0) and phosphatidylglycerol with two 18:0 tails (PG 36:0) were chosen as the internal standards. It should be noted that based on gas chromatography fatty acid methyl ester analyses, a small portion (< 5%) of fatty acid tails in E. faecalis membranes are tetradecanoic acid (C14:0) (Harp et al. 2016; Saito et al. 2018 ). There were no non-naturally abundant LPG standards available for purchase, therefore external calibration curves were used to quantify LPGs. Data for all targeted standards are presented in Table 1 . Calibration and test samples were spiked with an internal standard to account for any loss of signal due to ionization efficiency or suppression.
Extraction of lipids from biological samples
Enterococcus faecalis OG1RF cultures were grown in brain heart infusion (BHI) medium at 37 °C. Overnight cultures were diluted into fresh BHI to an optical density (OD 600 ) of 0.01 and supplemented with either 10 μg/mL of linoleic acid or 20 μg/mL oleic acid and allowed to grow until an OD 600 of 0.3. Ethanol (0.1%) was used as the solvent control.
Enterococcus faecalis supplemented with the previously mentioned fatty acids were harvested in 15 mL aliquots at mid log phase (OD 600 ~ 0.3). The cells were washed twice with 1X PBS via centrifugation, resuspended in 1 mL of 1X PBS, and treated with 100μg/mL of lysozyme. After 20 min of incubation at 37 °C, the lysozyme treated cells were transferred to plastic screw top microfuge tubes containing 0.5 g of glass beads (≤ 106 μm). The cells were then homogenized using a mini bead-beater (Biospec Products, Bartlesville, OK) for two, one min intervals. The homogenized cells were then transferred to a 15 mL polypropylene conical vial containing a mixture of chloroform: methanol 2:1 (v/v) (Bligh and Dyer 1959; Iverson et al. 2001) . Samples were briefly vortexed and then centrifuged for 5 min at 3500 rpm. Layers formed containing the glass beads at the bottom and the cell debris in the middle. The two phases were carefully transferred to a clean 15 mL polypropylene conical vial containing 1.5 mL of 0.9% NaCl, leaving behind the cell debris and glass beads. After briefly vortexing, samples were centrifuged, and the lower lipid containing organic phase was transferred to a glass screw top vial. Lipid extracts were dried under nitrogen gas and suspended in 260 µL of 1:1 methanol: chloroform and 40 µL of internal standard before being transferred to autosampler vials with PTFE septa.
Liquid chromatography-mass spectrometry parameters
Samples and standards were stored at − 20 °C until they could be analyzed. A Dionex UltiMate 3000RS ultra high performance liquid chromatography (UHPLC) (Sunnyvale, CA) system was used in conjunction with a Kinetex HILIC column (100 Å 2.6 µm 150 mm × 2.1 mm, Phenomenex, Torrance, CA) to separate lipid compounds for both the targeted and untargeted analysis. A 10 µL injection of sample was injected using a Dionex UltiMate 3000 RS autosampler kept at 4 °C. The syringe and fluidics were washed twice with 150 µL of 50:50 (v/v) water:2-propanol. All chromatographic conditions were controlled by Chromeleon Xpress version 6.80 and all mass spectrometric conditions were controlled by Xcalibur version 4.0. Mass calibration was performed every 24 h in positive and negative mode using calibration solutions from Thermo Scientific (Waltham, MA).
Untargeted lipid analysis
The untargeted method used 10 mM ammonium formate adjusted to a pH of 3.0 for mobile phase A, and 97:3 acetonitrile: water (v/v) adjusted to a pH of 3.0 with 10 mM ammonium formate for mobile phase B. Gradient: t = 0 min 0% solvent A, 100% solvent B; t = 1 min 0% solvent A, 100% solvent B; t = 15 min 19% solvent A, 81% solvent B; t = 15.1 min 52% solvent A, 48% solvent B; t = 25 min 52% solvent A, 48% solvent B; t = 25.1 min 0% solvent A, 100% solvent B; t = 35 0% solvent A, 100% solvent B. The flow rate was set to 0.200 mL/min. An Exactive Plus Orbitrap mass spectrometer (Thermo Scientific, Waltham, MA) was used to detect the different phospholipids and fatty acids. Eluent from the UHPLC was introduced using electrospray ionization (ESI) utilized under the following settings: sheath gas-25 (arbitrary units); auxiliary gas-10 (arbitrary units); spray voltage-4 kV; capillary temperature-350 °C; resolution-140,000. Ions between 100 and 1500 m/z were recorded in both positive and negative mode in separate scan events. In addition to full scan data, the all ion fragmentation (AIF) was collected throughout the run using a normalized collisional energy of 30 eV with a stepped energy of 50%.
Targeted phospholipid analysis
The targeted analysis used 5 mM ammonium acetate adjusted to a pH of 5.8 for mobile phase A, and 97:3 acetonitrile:water adjusted to a pH of 5.8 with a final concentration of 5 mM ammonium acetate. Gradient: t = 0 min 3% solvent A, 97% solvent B; t = 1 min 3% solvent A, 97% solvent B; t = 1.2 min 5% solvent A, 95% solvent B; t = 4 min 5% solvent A, 95% solvent B; t = 4.2 min 10% solvent A, 90% solvent B; t = 7.6 min 10% solvent A, 90% solvent B; t = 8.1 min 30% solvent A, 70% solvent B; t = 10.9 min 30% solvent A, 70% solvent B; t = 11 min 50% solvent A, 50% solvent B; t = 18 min 50% solvent A, 50% solvent B. The flow rate for separation was 0.200 mL/min. Following the 18 min separation, the gradient was set to 3% solvent A, 97% solvent B at a flow rate of 0.500 mL/min for 12 min to re-equilibrate the column.
Eluent from the UHPLC was ionized using an electrospray ionization (ESI) source operated under the following settings: sheath gas 30 (arbitrary units); aux gas 8 (arbitrary units); sweep gas 3 (arbitrary units); spray voltage 3 kV; capillary temperature 300 °C. A Q-Exactive Plus Orbitrap mass spectrometer (Thermo Scientific, Waltham, MA) was used to collected data for all targeted data. All ions were detected in negative mode using parallel reaction monitoring (PRM), which requires a list of parent m/z's in order to isolate and subsequently collect a full scan of the fragments produced. Parameters for the mass spectrometer were as follows: resolution-140,000; automatic gain control (AGC)-3 × 10 6 ions; maximum IT time-100 ms; isolation window-0.4 m/z; normalized collision energy 35 eV.
Targeted compound list
Phosphatidylglycerol (PG) and lysyl-phosphatidylglycerol (LPG) compounds were detected as the [M−H] − ion and the cardiolipin (CL) compounds were detected as [M-2H] 2− ions. In total, 23 unique CL, 10 PG, and 10 LPG masses were targeted for quantitation. This list only included the most abundant fatty acids bound to each head group: C16:0, C16:1, C18:0, C18:1, and C18:2, based on bacterial profiles (Harp et al. 2016; Saito et al. 2018) . A complete list of all the lipids included in the analysis is provided in Table S1 . The m/z listed in the table corresponds to the parent mass isolated and eventually fragmented. However, quantitation was performed by selecting a specific fragment that is common to the head group not the specific lipid. A dehydrated glycerol phosphate (GP) fragment with a m/z of 152.9958 was used for all PG and CL compounds, and a lysine fragment with a m/z of 145.0948 was used for LPG (Fig. 1) . In addition, the PRM analysis method has the advantage of determining the relative concentrations of specific fatty acid tails attached to the parent ion.
Calibration curve preparation
Standards for calibration curves were dissolved in 1:1 methanol:chloroform using masses of purchased solid standards. A mixed stock of CL 72:4, PG 36:0, and LPG 36:2 was prepared at 75 µM and stored at − 20 °C. Serial dilutions from the stock were made at the following concentrations: 50, 10, 5, 1, 0.5, 0.1, 0.05, 0.01, 0.005, and 0.001 µM. Internal standards of CL 56:0 and PG 16:0 were made by dissolving the solid standard in solvent to make a mixed working stock of 50 µM and added to each calibration standard at a final concentration of 8.3 µM.
Data analysis

Untargeted
Data generated from the Xcalibur software was converted from the .raw file extension to the .mzML using msconvert, a tool in ProteoWizard (Holman et al. 2014; Kessner et al. 2008 ). All peak area integration was performed within MAVEN (Clasquin et al. 2012) , using a 5 ppm mass 
Targeted
Xcalibur's Quan Browser (Thermo Scientific, Waltham, MA) was used to integrate areas under the curve for fragment masses that corresponded to exact m/z of the specific ion of interest and were also matched to retention time range of phospholipid classes. Cardiolipin molecules elute at 4.5 min, phosphatidylglycerol elutes at 2 min, and lysylphosphatidylglycerol elutes at 10 min. Calibration plots were made by plotting the log of the ratios of the area of the analyte to the area of the internal standard "log(A a /A is )" vs. the log of the ratios of concentration of the analyte to the concentration of the internal standard "log(
Biological data was analyzed using the same protocol and the exact concentration of the lipid was interpolated using the regression line for the corresponding standard. Each calibration level was analyzed in replicates of six and standard error was calculated.
Results and discussion
Untargeted data
Operating the instrument in dual polarity full scan mode, along with all ion fragmentation (AIF) allowed for the collection of information about the parent ion and the fragments produced. Although the hydrophobic extraction preferentially selects for compounds with lipid-like moieties, the mass spectrometer is only constrained by its m/z range. This allows for analysis of experiments that are exploratory in nature or of unknown sample composition. The analysis leads to an initial understanding of the lipid profiles in samples, which has not been previously studied. Additionally, global lipidome changes can be measured between a treatment group and a control. HILIC chromatography is concentrated on hydrophobicity; therefore, any phospholipid with the same polar head group (PE, PC, PG, etc.) will have the same retention time (RT) without regard to the composition of aliphatic tails. A typical experiment requires a standard to be analyzed using the exact chromatographic and mass spectrometric conditions for each compound that is to be identified, but this is not the case for this untargeted method. Identification for exact lipid species can be made by matching two factors: exact mass and retention time of the head group. Each phospholipid head group only needs to have one representative standard analyzed, saving instrument time and cost. This makes it possible to identify any possible tail combination for all head groups, without having multiple standards. This can be very advantageous if the compounds desired are not easily purchased or synthesized. As a proof of concept, six phospholipid standards, one from each of the most abundant head groups, were analyzed by the untargeted lipidomics methods and were detected in either positive or negative mode (Table 2 ). There was complete temporal resolution between groups except for phosphatidylinositol (5.08 min) and phosphatidic acid (4.99 min), but because a high-resolution mass analyzer was used, there was a low possibility of lipid misidentification. The lysine conjugated PG was also detected at 12.3 min. Even though no additional amino acid (AA) modified phospholipid standards were analyzed, it is indicative that this HILIC-MS method is capable of detecting many other AA modified lipids. It has been shown that these compounds serve an important role in creating surface membrane charge sites, thus providing some form of antibiotic tolerance (Kilelee et al. 2010; Nishi et al. 2004 ) and reduces attraction of host generated antimicrobial peptides (Joo and Otto 2015) . Since free fatty acids (FFA) are the building blocks of phospholipids it would be beneficial to detect those as well (Hamilton and Kamp, 1999; Klausner et al. 1980 ). These compounds were not retained by the column, which was expected, but four biologically relevant FFA were capable of being detected (oleic acid, linoleic acid, stearic acid, and palmitic acid). This method has shown its ability to discriminate seven different phospholipids and four fatty acids; it is reasonable to assume that other lipids that do not contain phosphorus or have a sugar moiety as a head group could be detected in this approach. Photosynthetic organisms have sulfolipids, such as sulfoquinovosyl diacylglycerols (SQDG), and can replace phospholipids with sulfur containing lipids under phosphorus limited conditions (Sprott et al. 2003; Van Mooy et al. 2009 ). Monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG) are the major lipid classes present in plants and have roles in photosynthesis (Chapman et al. 1985; Dörmann and Benning, 2002) .
Being able to precisely measure a large set of compounds within and across a lipid class in a 30-minute analysis is very valuable. However, it is possible to accurately detect thousands of m/z that may not match any known lipid. Matching the retention time for each m/z can help identify the head group; and AIF can be used to identify fragments that are present, aiding in piecing the molecule back together. The standard for PS (34:2) elutes at 10.7 min and several fragments that match the structure can be identified. Based upon theoretical fragmentation data from LipidMaps (Fahy et al. 2009) , it is possible to identify at least 5 fragments of the parent ion, including the 16:0 (255.2333 m/z) and 18:2 (279.2334 m/z) fatty acid tail fragments (Fig. 2) . This added feature can be useful for structure elucidation in the case of an unidentified ion.
Targeted data
In efforts to compliment the untargeted approach, the design and optimization of a targeted approach was used to quantify a reduced number of lipids. Although this exact method only focuses on three lipid classes (CL, PG, and LPG) present in a specific bacterium (Rashid et al. 2017; Tran et al. 2013) , the fundamentals can be applied to any set of lipids that desire a more precise measurement.
The above-mentioned untargeted method uses 10 mM ammonium formate at pH 3, which provides excellent detection of all six common phospholipid classes and several other lipid species; however, CL do not ionize well with these conditions. Herein, we have created a method to quantify CL without using ion-paring agents, while still being able to quantify two other lipid classes, PG and LPG. It was determined that raising the pH to 5.8 and changing the buffer concentration to 5 mM ammonium acetate resulted in reliable detection in cardiolipin standards. This is supported by experimentation showing pK a1 and pK a2 have values of 2.15 and 3.15, respectively (Olofsson and Sparr 2013) , thus shifting equilibrium towards the doubly deprotonated form at a pH of 5.8. Again, due to the HILIC nature of the chromatography, separation can be achieved based on headgroup regardless of tail composition. There are discrete regions in the chromatogram where PG, CL and LPG's elute (Supplementary Fig. 1) . In contrast to the AIF that is used in the untargeted method, parallel reaction monitoring (PRM) is used to isolate and fragment individual lipid m/z. High resolution data of the all the fragments originating from the parent mass is obtained. This provides an extra level of confirmation to identify the exact structural moieties present in a mixed FA lipid while reducing noise, thus lowering the detection limit. The [M+1−H] − isotope peak becomes significant (i.e. > 30% relative intensity to the [M−H] − peak) for molecules with 30 or more carbons, such as the CLs. The PRM method utilized an isolation window of 0.4 m/z that only allowed for the selection of the [M−H] − ions for each CL species, thus the 13 C 1 isotopologue was not measured. The contribution from this isotopologue could be sufficiently large that using both peaks would lower the detection limit for this class of molecules.
To make the targeted method as quantitative as possible, a calibration curve was made by using a single external standard each for lipid class and adding an internal standard that is not naturally found in biological samples. Since standards for each specific lipid of interest are not available, this methodology for quantitation accounts for any changes in ionization efficiency between the chosen external standard and the detected lipid. When calibration curves were plotted, a high correlation of determination value (R 2 ) was achieved for all lipid classes ( Supplementary Fig. 2 and Supplementary Table 2 ). Less than 2% variation was seen in the internal standard across all points in the calibration curve (Table 1 ). The detection limit of 41.6 nM was observed for LPG, while the detection limits for PG and CL were 416 nM. Linear range for CL and PG spanned three orders of magnitude and LPG was linear over four orders of magnitude. Signal for the standards below these concentrations was either not detected, or not above the noise.
Biological validation
To show the application of this lipidomics approach, Enterococcus faecalis (E. faecalis) OG1RF cells were supplemented with exogenous fatty acids and subjected to lipid analysis using both the untargeted and targeted approaches. Treated and control samples were grown and lipids were extracted as mentioned in the earlier section. It has been shown that when E.faecalis cells are grown in the presence of host unsaturated fatty acids (oleic acid or linoleic acid, Supplementary Fig. 3 ), a tolerance to daptomycin is observed, along with alterations in membrane fatty acid profiles as measured through GC-FAME (Saito et al. 2014 ). Applying our approach on this bacterial system shows the advantages of performing both analyses on a single sample. Several studies have been published measuring lipid changes in E.faecalis using thin layer chromatography (TLC) (Bao et al. 2012; Mishra et al. 2012; Tran et al. 2013) , and GC-FAME (Harp et al. 2016; Saito et al. 2014 Saito et al. , 2018 . TLC methods suffer from the ability to only identify different classes of lipids and has limited use for quantitation. GC-FAME allows for quantitation of individual fatty acids but is hindered by the non-specific esterification of phospholipids resulting in loss of information about head groups. One group explicitly measured individual phospholipids (LPG and PG) in these bacterium (Rashid et al. 2017) . A triple quadrupole was used to develop a method to measure relative concentrations of PG and LPG, and a quadrupole time of flight mass spectrometer to measure CL. Although a LC-MS method was presented in the manuscript, they were unable to detect any CL in the biological sample. Supplementary Table 3 compares what lipids were detected in E.faecalis by Rashid and coworkers to what was measured in this study.
The untargeted analysis also facilitated the detection of two free fatty acids (FFA), 9 lysyl-phosphatidylglycerols (LPG), and 12 phosphatidylglycerols (PG). The level of metabolite identification is level 3 unless an exact standard was analyzed (Supplementary Table 4 ) (Sumner et al. 2007 ). The heat map in Fig. 3 shows the log 2 fold change in the normalized areas for each lipid detected (exact ratios shown in Supplementary Table 5 ). Each column represents the ratio of the samples supplemented with exogenous fatty acids compared to the control samples. As expected, a significant difference is seen in the relative amounts of FFAs detected in the corresponding supplemented samples (e.g. oleic acid is more abundant in the samples when supplemented with oleic acid, and likewise for linoleic acid). Smaller, positive, significant fold changes are seen in the oleic acid samples for LPG 34:2, LPG 36:2, and LPG 36:4, showing that some Fig. 3 Heat map of lipid compounds detected using the untargeted analysis. All fold changes are compared to control samples and then log 2 transformed. An orange color represents a fold change > 1, and a blue color represents a fold change < 1. Asterisks depict the level of confidence based on a Student's T test amount of oleic acid may be incorporated into the membrane as LPG. An opposite trend is seen when looking at the linoleic acid samples; a decrease is seen in monosaturated LPGs such as 36:1, 32:1 34:1. These compounds have one degree of unsaturation in either of the two fatty acid tails, but this method is lacking the ability to determine exactly which fatty acid tail harbors the double bond. Regardless of the fatty acid that is supplemented, there is a global decrease in all of the PGs detected when compared to the controls. The one thing this analysis cannot provide is the ability to compare the fold change of one lipid to the fold change to another lipid (e.g. the fold change for LPG 36:4 vs the fold change for PG 36:1).
While the untargeted method provides the ability to quickly examine how multiple lipids species (within and across head groups) are changing compared to others, information about exact concentrations is lacking. This limitation can be overcome by using this targeted method, thus gaining more information about lipid species identified as significant from the untargeted method. The targeted analysis (n = 6 per group) was able to quantify 9 phosphatidylglycerols (PG), 8 cardiolipins (CL) and 10 lysyl-phosphatidylglycerols (LPG) ( Table 3 and Supplementary Table 6 ), level of identification is listed in the supporting material. If a value is listed as < LOQ, a peak was identified but its concentration was lower than the limit of quantitation, and if a ND is listed, no peak was detected. This method was capable of quantifying cardiolipins which has been difficult to do with previous methods. When the cells were provided linoleic acid, the polyunsaturated CL (72:7 and 72:8) concentrations were 1.46 and 2.69 µM respectively and were not detected in in the oleic acid and control samples. Within the PRM data, it can be verified that the CL 72:7 compound's major tail fragment is a C18:2 (m/z 279.2231), and a minor component of C18:1 (m/z 281.2486). As expected, the CL 72:8 fragmentation data showed only C18:2 tail fragments ( Supplementary  Fig. 4 ). It is clear that the quantity of PG lipids with C16 tails (saturated or unsaturated) was very low when given either of the fats, which was also seen in the untargeted data. The targeted approach showed the most abundant PG in the control samples is PG 34:1 and has a concentration of 11.21 µM, which is two times higher than the next most abundant PG. This information is not obtainable from the untargeted method alone. This increases the understanding of how the membrane composition is changing within a head group, but not necessarily across treatments.
Conclusion
The data shows that using a high-resolution mass spectrometer in full scan mode allows for the detection of many different lipid classes with the ability to discriminate within each class, and a more holistic understanding of how lipid profiles change. It was possible to detect six major phospholipids, free fatty acids, and lysine-based lipids, but there is reason to believe that many more lipid classes could be detected using this analysis. By adjusting the pH of the mobile phase, it was possible to confidently detect cardiolipins, which are notoriously difficult to measure. With the implementation of representative standards (internal and external), and parallel reaction monitoring, it was possible to quantitate cardiolipin, phosphatidylglycerol, and lysyl-phosphatidylglycerol to the nanomolar range. Biological applications were shown by using a single extraction method to measure global lipid changes and quantify eight different cardiolipin species in E.faecalis. 
